We investigate the international information transmission between the U.S. and the rest of the G-7 countries using daily stock market return data covering the last 20 years. A pre-1995 and post-1995 analysis reveals that the linkages between the markets have changed substantially in the more recent era, suggesting that national markets have become more interdependent. In the majority of the countries under scrutiny, we provide evidence of direct volatility spillovers, running mainly from the US and pointing to more rapid information transmission during the recent years. We further uncover the dynamics of the volatility spillovers between the international stock markets by means of a Volatility Impulse Response Analysis. Our findings, based on three historical shocks that have caused turbulence in the stock markets, suggest that the persistence of volatility shocks has increased substantially during the post-1995 period mainly due to increased persistence and interdependence in the volatility of all markets. As a result, volatility shocks in the international stock markets nowadays perpetuate for a significant longer period compared to the pre-1995 era.
Introduction
In the wake of the stock market crash of October 1987, the study of the transmission of financial shocks across markets or countries has emerged as one of the most intensive research topics in the international finance literature in recent years. The first contributions in the so-called spillover literature came from Eun and Shim (1989) and Becker et al. (1990) who, based on either a VAR model or a set of single linear equations, tried to capture the dependence between international equity returns. In a similar way, Koch and Koch (1991) investigated the evolution of contemporaneous and lead/lag relationships among eight stock markets and concluded that regional interdependence grows over time and that the influence of the Japanese market increases at the expense of the US market. However, these studies focused on the return series and on how returns are correlated across markets, i.e. they considered only interdependence through the mean of the process.
A second strand of the literature, which is growing rapidly, explicitly focuses on the volatility of equity returns, suggesting the existence of higher-order dependence stemming from the second moments. This framework is appropriate when modeling high-frequency financial time series and its importance has been recognized ever since Engle (1982) introduced the class of ARCH models. In this context, Hamao et al. (1990) employed univariate GARCH models to examine the stock markets around the 1987 US stock market crash. They found evidence of significant price-volatility spillovers from the US to the UK and Japan and from the UK to Japan for the post-crash period. In contrast, no such spillovers are found in the pre-crash period. Their results suggest that shocks that originate in the US are larger and more persistent than the UK and Japanese ones. Lin et al. (1994) , using a signal extraction model with GARCH processes, found a reciprocal relationship between the price and volatility of the US and Japanese markets. Susmel and Engle (1994) analyzed the interrelationship between the US and the UK stock markets using hourly returns and did not find strong evidence of either mean or volatility spillovers between the two markets. Karolyi (1995) examined the dynamic relationship between the US and Canadian stock market returns and return volatilities using a bivariate GARCH model. He found that the effects of shocks originating in the US market on the Canadian market returns and volatility are smaller and less persistent than those measured with traditional vector autoregressive models. Theodossiou and Lee (1993) studied the relationship between the US, the UK, Canadian, German and Japanese stock markets using a multivariate GARCH-in-mean model and found mean and volatility spillovers between some of those markets. The authors also documented that the US is the major exporter of volatility. More recently, Koutmos and Booth (1995) In this study, we focus explicitly on uncovering the volatility dynamics between the US stock market and the remaining six of the G-7 countries using Volatility Impulse Response Functions for multivariate GARCH models introduced by Hafner and Herwartz (2006) . In this vein, we aim at establishing the pattern of information transmission between these countries. As indicated by Ross (1989) , the transmission of information to a market is related primarily to the volatility of an asset's price changes in an arbitrage-free economy, i.e. the second moment is more important than the first one in the flow of information. In this vein, Engle et al. (1990) attribute movements in volatility to the lag with which market participants process new information.
The present study makes a twofold contribution. First, we estimate a bivariate GARCH model, for which a BEKK representation is adopted (see Engle and Kroner, 1995) , for each of the six countries against the US using daily returns for the last twenty years. This BEKK formulation enables us to reveal the existence of any "meteor showers", i.e. transmission of volatility from one market to another, as well as any "heat waves", i.e. increased persistence in market volatility (see Engle et al., 1990 ). Splitting our sample into two non-overlapping sub-samples of equal length, we investigate whether the efforts for more economic, monetary and financial integration have fundamentally altered the sources and intensity of volatility spillovers to the individual stock markets. Second, by using a recently developed technique, we estimate the corresponding Volatility Impulse Response Functions (VIRFs) implied by the specification of each model. We then assess the impact of three historically observed shocks, i.e. the 1987 stock market crash, the 1997 Asian Financial crisis and the 2001 terrorist attack on the volatility and co-volatility of the markets.
To the best of our knowledge, no other study (except for Hafner and Herwartz, 2006) has employed this innovative technique of VIRFs to study volatility dynamics in any market.
More importantly, there are several reasons why VIRFs represent a convenient approach to analyse volatility spillovers. First, this technique allows the researcher to determine precisely how a shock to one market influences the dynamic adjustment of volatility to another market and the persistence of these spillover effects. Second, VIRFs depend on both the volatility state and the unexpected returns vector when the shock occurs. As a result, the asymmetric response of volatility on negative and positive "news" typically documented in the literature (see e.g. Koutmos and Booth, 1995) can easily be accommodated. 1 Third, contrary to typical Impulse Response Functions, this specific methodology avoids typical orthogonalization and ordering problems which would be hardly feasible in the case of highly interrelated and observed at high frequencies financial time series.
The only study that is closely related to ours is the one by Leachman and Francis (1996) .
The authors use a two-stage procedure, i.e. they first estimate univariate GARCH models for the G-7 stock market returns and then the estimated conditional variances are used to construct a VAR system. This methodology enables them to employ the standard Impulse Response analysis and conduct Variance Decompositions in order to determine how a shock to one market influences the dynamic adjustment of volatility in the remaining markets and the persistence of these volatility spillovers. They can also quantify the relative significance of each market in generating and transmitting fluctuations to other markets. Interestingly, the authors suggest that a multivariate GARCH approach would give more efficient parameter estimates than their two-stage approach but would not enable the researcher to obtain impulse response functions, as the latter are not available for GARCH processes.
It is this gap in the literature that we intend to bridge by estimating the VIRFs for the G-7 stock market returns accommodated by the aforementioned methodology. Consistent with the increased integration of capital markets already documented in the literature (see, for example, Harvey, 1991; Bekaert and Hodrick, 1992; Campbell and Hamao, 1992) , our results suggest that equity markets have become more interdependent in the post-1995 period compared with the pre-1995 period. This greater integration resulted in a significant increase in the persistence of volatility shocks for all the countries at hand. The existence of both elevated "heat waves" and "meteor showers" effects is depicted in the pattern and size of the VIRFs.
The remainder of this study is organized as follows. Section 2 discusses the econometric methodology and Section 3 describes the data and presents the empirical findings for both the pre-1995 period and the post-1995 period. Section 4 offers a summary and some concluding remarks.
Econometric Methodology
In this section, we first present the model we employ to investigate the volatility spillovers between the stock markets under scrutiny and then provide a brief description of the volatility impulse response method employed to analyse the persistence of the volatility shocks in the international stock markets.
The BEKK Model
The analysis is based on a bivariate VAR(1)-GARCH(1,1) model. Let Y t = (y 1t , y 2t ) 0 be the returns vector, with y 2t denoting the US stock market and y 1t one of the remaining G-7 countries. The conditional mean of the process is modeled as follows:
where C is a 2 × 1vector of constants and M is a 2 × 2 coefficient matrix and
is the vector of the zero-mean error terms. We allow E t to have a time-varying conditional variance, that is V ar(E t | F t−1 ) = H t where F t−1 denotes the σ−field generated by all information available at time t − 1. We further assume that the conditional variance, H t , follows a bivariate GARCH(1,1) model and we, specifically, consider the following BEKK representation, introduced by Engle and Kroner (1995):
where Ω = [ω ij ], i, j = 1, 2 is a 2x2 lower triangular matrix of constants, A = [a ij ] and Compared to alternative multivariate GARCH representations, the BEKK model is more convenient for estimation, because it involves fewer parameters. Engle and Kroner (1995) prove that the BEKK model in (2) is second-order stationary if and only if all the eigenvalues of (A ⊗ A + B ⊗ B) are less than unity in modulus. In this case, the unconditional variance of
where vec is the operator that stacks the columns of a square matrix. 3 More in detail, the conditional variance for each equation can be expanded for the bivariate GARCH(1,1) as follows: To cope with the excess kurtosis usually found in the estimated standardised residuals under the assumption of Gaussian innovations, we follow Bollerslev (1987) and evaluate (and maximize) the sample log-likelihood function under the assumption of t(ν)− distributed innovations. In such a case, given a sample of T observations, a vector of unknown parameters θ and a 2 × 1 vector of returns Y t , the bivariate BEKK model is estimated by maximizing the following likelihood function:
with
where ν denotes the degrees of freedom of the t−distribution and Γ(·) is the gamma function.
This log-likelihood function is maximized using the Berndt, Hall, Hall and Hausman (1974) algorithm (BHHH). 4 
Volatility Impulse Response Functions
We now briefly describe the Volatility Impulse Response Function (VIRF) introduced by Hafner and Herwartz (2006) . The authors derive the VIRF based on an alternative multivariate GARCH representation, namely the vec-representation (introduced by Engle and Kroner, 1995), given by:
where Q is a 3 × 1 matrix of constants, while R and P are 3 × 3 coefficient matrices. vech is the operator that stacks the lower triangular part of a square matrix. It is important to note that the vec-representation given in (8) requires the estimation of 21 parameters, while the BEKK representation given in (2) has only 11 parameters. Thus, the BEKK model manages to reduce substantially the number of parameters, facilitating the estimation procedure.
Obviously, the vec-model is more general than the BEKK model, since the BEKK model reduces the number of parameters by imposing some specific restrictions on the vec-model.
In general, any given BEKK model has a unique equivalent vec-representation (Engle and
Kroner 1995), while the converse is not true. 5, 6 In summary, by employing the BEKK model we achieve the reduction of the number of parameters with virtually no cost in terms of the generality of the model. The derivation of the unique equivalent vec-representation of a BEKK model is straightforward. 7 In the rest of this paper, we assume that (8) is the equivalent vec-representation of (2) .
Assume that at time t = 0 the conditional variance is at an initial state H 0 and an initial 4 Susmel and Engle (1994) suggest that in the case of high-frequency financial data using the t-distribution generates a more efficient estimation for conditional errors than the normal distribution.
5 Two GARCH representations are equivalent if every sequence of errors {E t } generates the same sequence of conditional volatilities {Ht} for both representations. 6 It is possible that a vec-model has no equivalent BEKK representation. Moreover, if there is an equivalent BEKK representation for a vec-model, this BEKK representation is not unique. b11b21 b11b22 + b12b21 b22b12 b 2 21
, is then defined as follows:
The first and third elements of V t (Z 0 ) (denoted as v 1,t and v 3,t respectively) represent the reaction of the conditional variance of the first and second variable respectively to the shock, Z 0 , that occurred t periods ago. Similarly, the second element of
represents the reaction of the conditional covariance to the shock, Z 0 , that occurred t periods ago. The VIRF can easily be computed recursively based on the following relations:
The VIRF has two important differences compared to the traditional Impulse Response Function (IRF) in the conditional mean. First, the VIRF is an even function of the initial shock, that is V t (Z 0 ) = V t (−Z 0 ), contrary to the IRF that is an odd function of the initial shock. Second, the IRF is a linear function, i.e. IRF (k * Z 0 ) = k * IRF (Z 0 ), while the VIRF is not homogeneous of any degree.
Before presenting the empirical results of this study, we briefly describe the behavior of
It is obvious that the elements of Ψ are functions of the elements of the initial state H 0 and the elements of the shock Z 0 . The following three cases are of interest:
In this case, both R and P (and thus R + P ) are diagonal matrices (see footnote 7). It is easy to show that:
Therefore, in this particular case there are no volatility spillovers, since both v 1,t and v 3,t depend only on their own history. It is important to note that in this case of a diagonal BEKK model, the half-life of a volatility shock is independent of both the initial shock, Z 0 and the initial state H 0 . 8 Case II: a 12 = b 12 = 0, while a 21 6 = 0 and/or b 21 6 = 0
In this case, both R and P (and thus R + P ) are lower triangular matrices. Therefore,
where f is a function of v 1,1 , v 2,1 , a ij and b ij , i.j = 1, 2 and g is a function of v 1,1 , v 2,1 ,
It is clear that in this particular case there are unidirectional volatility spillovers from the first to the second variable of the system. Consequently, the effect of the shock on the conditional variance of the first variable of the system does not depend on the behavior of the second variable of the system. We should note that even if a 21 = 0 or b 21 = 0, there are still volatility spillovers from the first to the second variable of the system. Finally, in this particular case, the half-life of a volatility shock in h 11,t is independent of the initial shock, Z 0 and the initial state H 0 , while the half-life of a volatility shock in h 22,t and h 12,t depends on both the initial shock, Z 0 . and the initial state H 0 .
Case III: a 12 6 = 0 and/or b 12 6 = 0, while a 21 6 = 0 and/or b 21 6 = 0
In this general case, it is easy to verify that bidirectional volatility spillovers exist between the variables of the system.
Empirical Results

Data
Our dataset comprises daily closing stock market indices from the stock exchanges of the G-7 countries: (1) S&P/TSX Index (Canada), (2) CAC 40 Index (France), (3) DAX 30
Index (Germany), (4) BCI Index (Italy), (5) NIKKEI 225 (Japan), (6) FTSE 100 Index 8 We define the half-life of a volatility shock to be the time required for the impact of the shock to reduce to half its maximum value. 9 For example, f(v1,1, v2,1) = The UK stock market consistently yields the highest daily returns for the periods under consideration, although during the post-1995 subperiod, it is closely followed by the US and Canada market. The worst performance in terms of daily returns is Japan's over the full sample and the second subperiod. Notably, in the post-1995 period, Japan is the only country with negative daily returns. Volatility (as measured by the standard deviation of the return series) is higher in Japan followed by Germany. A comparison between the two sub-samples suggests that there are no significant differences in the volatility of the series.
A visual perspective of the volatility of the series at hand can be gained from the plots of daily returns for each series in Figure 1 . Moreover, all the distributions seem to exhibit asymmetries and fat tails with relation to the Normal distribution. All the markets have negative skewness, with the exception of Japan for the full and post-1995 periods. Skewness is higher, in absolute terms, during the pre-1995 era reflecting the effects of the 1987 crash.
As expected, the highest skewness is related to the US, the country from which the crash originated. Fat tails, as depicted in the kurtosis of the distribution, are also more prominent in the US followed by Canada and the UK. In any case, the distribution of the return series suffers from serious departures from the Gaussian distribution. Furthermore, these descriptive statistics show that the nature of the data varies significantly between the two sub-samples, justifying our modeling strategy.
Bivariate Volatility Dynamics
We estimate a bivariate GARCH-BEKK model for each country against the US. Our choice of the US as the country against which all volatility dynamics are modeled stems from the price leader role of the US equity market. Since the US economy dominates the world economy and trade, it is natural to expect the existence of economic and financial relationships with the rest of the world. As a result, information about the US economic fundamentals and equity market developments are transmitted all over the world and have a significant impact on world-wide stock markets. 11 Furthermore, the US capital market is by far the largest capital market in the world, accounting for approximately half the world market capitalization.
Japan and the UK account for 13% and 9.3% of the world market, while the respective figures for the remaining G7 countries range from 2% to 4%. 12 Turning to the estimation procedure, we use univariate GARCH(1,1) estimates for every series at hand as initial values for the estimation of the BEKK model. Diagonal elements of the matrices A and B are taken to be the square root of the corresponding univariate estimates, while the off-diagonal elements of A and B are initialised to zero. As aforementioned the estimation of the BEKK model is performed under the assumption that the conditional distribution of the innovations is t with v degrees of freedom, which are also estimated through the maximization of the log-likelihood function as defined in equations (6) and (7) by means of the BHHH algorithm. The estimated parameters of the conditional variances and covariances with associated standard errors, the estimated degrees of freedom from the t−distribution, the likelihood function values along with the eigenvalues of the whole system are given in Table 2 unrestricted models, we proceed in restricting our models based on a General-to-Specific methodology, i.e. re-estimating our model by dropping the least significant coefficient at a time. The results from the estimated restricted models are reported in Table 3 (Panels A and B for the pre-1995 and post-1995 periods respectively).
We, then, use the Likelihood Ratio test to establish the validity of the zero restrictions imposed in the restricted models. More specifically, the LR statistic is defined as follows
where log l re and log l un refer to the maximum value of the log-likelihood function for the restricted and the unrestricted models respectively. Under the null hypothesis the zero restrictions are valid and thus the restricted model is preferable compared to the unrestricted one. We should note that since the distribution of (10) under the null depends on nuisance parameters, we cannot claim that the LR − stat follows asymptotically a X 2 (k) distribution where k equals to the number of restrictions imposed in the restricted model. However, simulation results reported in previous studies (see Caporale et al., 2001 ) reveal that the test performance improves considerably as the sample size increases, requiring T º 3000 for empirical rejection frequencies to approximate the nominal significance level. In our case, we have about 2500 observations in each subsample and thus we consider the use of the X 2 (k) distribution for the LR − stat to be meaningful.
The estimated values of the LR − stat for all the pairs of countries are reported in Table   4 . Notably, the null hypothesis of a restricted model versus the unrestricted one cannot be rejected for any country for both the samples under consideration. The largest estimated value of the LR − stat is 11.21 with a corresponding p-value of 19% (based on the X 2 (8) distribution). 13 To facilitate the discussion, we only comment on the results from the selected models,
i.e. the restricted ones and mainly focus on comparing the results from the two sub-periods.
On the whole, the conditional variance-covariance equations incorporated in the GARCH-BEKK methodology effectively capture the volatility and cross volatility dynamics among the markets under consideration. Therefore, useful insights are provided as far as the changes in volatility linkages among the US and the rest of the G-7 countries are concerned.
Starting with Canada, France and Germany, we find that volatility (conditional variance) 13 Note that the degree of freedom includes restrictions in both the conditional mean and the conditional variance of the process. The estimated mean equations are not reported, since our focus is on the second-order moments. All the results are available upon request. in these countries is directly affected by the US volatility in both periods under examination, while no evidence of the opposite effect is present. In the case of Canada, volatility is transmitted through the US volatility in the pre-1995 period, while in the post-1995 period volatility spillovers are transmitted through the cross product of innovations and squared US innovations as well. Turning to France, the results are similar to the case of Canada, i.e. no transmission of volatility is prevalent from the French to the US stock market in either sub-sample. Positive feedbacks from the US volatility are transmitted through the product of innovations of the two markets and the US squared innovations during the first subsample, while through the US volatility during the more recent period. In this sense, more intense volatility spillovers are expected during the post-1995 period and milder ones during the pre-1995 one, mainly due to the persistence of the US volatility. The next European market, the German one, is found to react in a similar way with volatility feedbacks occurring through the cross products of innovations and squared innovations of the US market in both subperiods.
On the whole, our findings for these countries are consistent with the notion that these are too small to have a significant influence on the volatility dynamics of the US market.
The same holds for the Italian market, which exhibits a considerable degree of volatility independence during the pre-1995 period, when the only channel of volatility transmission seems to be the indirect one through the conditional covariance of the Italian with US returns.
Our findings for the post-1995 period suggest that the Italian market has become more integrated and consequently, more responsive to shocks originating in the US. Specifically, shocks hitting the US market have a significant positive effect on the Italian volatility.
Contrary to the aforementioned countries, the Japanese and UK stock markets paint a whole different picture. The behavior of the conditional variances of the series are starkly different in the periods under examination. During the pre-1995 period, no cross-market dependencies are apparent, as indicated by the diagonality of the corresponding BEKK models. However, our estimates for the second subperiod support the increased integration of both markets with the US stock market, allowing for bidirectional volatility transmission.
Specifically, positive feedbacks are transmitted from the US stock volatility to the Japanese volatility, while negative ones are transmitted in the opposite direction. Turning to the UK, volatility transmission is likely to be more intense from the US to the UK than in the opposite direction, since the transmission channel in this case is both through cross-innovations and past US volatility. However, all these studies were performed prior to 1996 and consequently their results are comparable to our pre-1995 period results. A direct comparison of our results concerning the post-1995 period to previous studies is not feasible as we are not aware of any recent study on volatility spillovers for the developed countries.
More importantly, our estimates of the eigenvalues of the BEKK models (reported in Table 3 ) suggest that volatility has become more persistent in the recent years, indicating that the duration of volatility spillovers is likely to increase. Earlier findings by Billio and Pelizzon (2003) and other studies have pointed to increased persistence in the equity returns volatility. 14 This change in the volatility persistence along with the change in volatility linkages is directly related to the pattern of the impulse response functions presented in the next section.
Estimates of Volatility Impulse Response Functions
In this subsection we examine the persistence of volatility shocks in the stock market returns by means of the volatility impulse response function (VIRF) described in subsection 2.2. Instead of considering a set of random (and probably controversial) volatility shocks, we investigate three observed historical shocks. In this way, the analysis is realistic and provides useful insights with respect to the size and persistence of volatility spillovers in the international stock markets in the event of a similar crisis. As a measure of the intensity of the volatility spillover, we calculate the half-life of a shock, i.e. the time period (in days) required for the impact of the shock to reduce to half its maximum value. Our analysis is confined to the two sub-periods under scrutiny, in order to reveal possible changes in the persistence of volatility shocks.
The first historical shock considered in our study is the 1987 stock market crisis. We first calculate the initial shock, b Z 0 , on the basis of the estimated restricted models given in Panel A of The estimated initial shocks for these three historical shocks with respect to our estimated models are reported in Table 5 .
Apart from the estimated parameters of the BEKK models and the corresponding initial shocks, the calculation of the VIRFs requires the initial state of volatility, H 0 , as suggested by equation (9) . To make our findings invariant to the choice of initial state, we select the last day of our sample, i.e. October 8, 2004 and employ this estimated conditional variancecovariance matrix in both sub-periods. 15 This allows a direct comparison of the VIRFs between the two sub-periods under consideration.
We first investigate the size of the effect of each shock on the conditional variance of the series under examination. Table 7 reports the maximum value and the 1-step ahead value of the VIRF divided by the initial conditional variance. As expected, the effect of the 1987 crash on the conditional volatility dynamics is substantially greater than the corresponding effects stemming from the other two shocks considered in this analysis. For example, in the case of the US, the crash of 1987 induces a rise in volatility that is 6.57 and 17.18 times the initial volatility for the pre-1995 and post-1995 period respectively. 16 The corresponding figures for the Asian financial crisis are 1.06 and 2.78 for the periods examined. Even milder effects are prevalent when the third shock is considered. 17 The increased intensity of volatility spillovers during the recent years is easily shown when 15 The initial states employed for each pair of countries are presented in Table 6 . Alternatively, the estimated unconditional variance matrix of E t could be employed as an initial state. In such a case, our results would be qualitatively similar to the ones reported. 16 The analysis for the US is based on the Canada-US model, although quantitatively similar results are drawn from the rest of the bivariate models. 17 In this case, if a similar shock occurred in the pre-1995 period, the increase in the US volatility would be just 0.53 times the initial volatility, while in the case of the post-1995 period, the volatility increase would be 1.38 times the initial volatility.
the path of the impulse responses in the volatility of each country is considered. Figures 2-4 plot the VIRFs for the three shocks respectively. In most cases, the VIRF is maximised the day after the shock. However, in some cases the effect of the initial shock gradually increases, reaching its maximum value after many days or even weeks. In general, the impulses are declining starting from a high level of volatility. In some cases, however, there is evidence of an initial shock amplification which increases further the initial effect. Eventually, in all cases the VIRFs resume their declining path towards zero.
We now focus on the estimated half-life of the volatility shocks, which are reported in Table 8 (Panels A, B and C for the three shocks respectively) for all six pairs of countries and the two sub-periods. 18 Apparently, the half-lives of volatility shocks paint a similar picture pointing to more persistent shocks in the more recent era. For example, for the pre-1995 period and for the 1987 crash, the estimated half-lives for the US, the country from which the crash originated, range from 48 to 91 days, while if the shock occurred in the post-1995 period, the respective figures would be 98 days to 219 days. The half-lives for the rest of the countries are lower than the US in the first sub-period ranging from 13 days (UK and France) to 41 days (Japan). Surprisingly, our findings from the recent era suggest that a similar to the "1987 crash" shock would induce volatility spillovers that would last for significantly longer period nowadays compared to the pre-1995 period. Our results for the other two shocks are qualitative similar to those of the first shock, so we do not discuss them separately to save space.
In summary, the empirical findings of this volatility impulse response experiment suggest that the increased integration of the international stock markets during the post-1995 period has also caused an increase in the persistence of volatility shocks. As a result, similar volatility shocks can perpetuate for a significant longer period nowadays compared to the pre-1995 era.
Conclusions
There is extensive empirical work in the literature with respect to interdependencies between financial markets and more specifically, national stock markets. This paper focuses on second- 18 Note that the half-lives in Table 8 are calculated after the Initial Shock Amplification has been deducted. order interdependencies, i.e. linkages through the conditional variances of the series. The analysis was performed using daily closing stock index data from the G-7 stock markets for the last 20 years. By adopting a bivariate BEKK representation and splitting our sample into two 10-year sub-samples, we first examined whether stock market linkages between the US and the remaining of the G-7 countries have changed during the recent years. As a second step, we employed a new technique developed by Hafner and Herwartz (2006) and estimated the Volatility Impulse Response Functions (VIRFs) related to each pair of our countries.
This technique enabled us to quantify the size and the persistence of three historical shocks that have caused turbulence in the stock markets. Furthermore, the significantly different structure of stock markets in the pre-and post-1995 periods allowed comparisons that shed some light into the current behavior of stock markets.
Our empirical findings can be summarised as follows. We confirmed the established view that the US stock market is the major volatility exporter country. Specifically, there is evidence of significant volatility spillovers from the US to Canada, France and Germany during the pre-1995 period. For the same period, the rest of the G-7 countries, i.e. Italy, Japan and the UK appear secluded and invulnerable to shocks originating in the US. On the other hand, our findings for the more recent period point to increased integration between the markets. Specifically, the smaller of the G-7 countries, i.e. Canada, France, Germany and Italy mainly import volatility from the US. A more important finding, however, is the evidence in favor of bidirectional volatility spillovers between the US and Japan, as well as the US and the UK. Our results suggest that shocks originating in the UK affect positively the US stock market while the Japanese ones influence the US market negatively, inducing lower levels of volatility. Our VIRFs analysis of three historical shocks, namely the 1987 crash, the 1997 Asian financial crash and the 2001 terrorist attack provided useful insights with respect to the size and persistence of volatility shocks. We specifically found evidence in favor of increased amplitude and duration of volatility spillovers in the post-1995 sample compared to the pre-1995 one. This intensity of shocks mainly stems from the increased interdependence and persistence of the equity market volatilities documented in the recent era. Consequently, had a shock similar to the one of the 1987 crash occurred in the more recent years, the time required for this shock to die out would have been extremely longer nowadays compared to the pre-1995 period.
The method employed here can also be applied to other cases that involve high frequency data, mainly financial data, to examine linkages and uncover the volatility dynamics between the series under examination. Volatility spillovers between exchange rate markets or between stock markets and exchange rates can be detected and quantified through the VIRFs. Another promising route for further investigation may be the extension of this bivariate analysis to a higher order one, allowing for interactions among three or more countries. Both these extensions will be the object of our future work. 
